We describe a novel high resolution DNA based typing approach for HLA class I alleles, which identifies the recombinational motifs present in exons 2 and 3 of the HLA class I genes. Unique identification patterns for 201 known HLA-A, HLA-B, and HLA-Cw alleles were generated by the use of only 40 probes, which were targeted at these common motifs. The unambiguous identification of the alleles was achieved by the development of a new and powerful allelic separation technique that allows isolation of single alleles after amplification. To validate the method, we have used locus-specific primers to amplify exons 2 and 3 of HLA-A, HLA-B, and HLA-Cw loci from 22 heterozygous and 41 homozygous cell lines. After amplification, the allelic fragments from each locus were separated, blotted, and hybridized with the 40 probes. In all cases, the allelic products could be separated and 81 different class I alleles, 33 HLA-A, 30 HLA-B, and 18 HLA-Cw, were identified according to the predicted probe hybridization patterns.
HLA-A, HLA-B, and HLA-Cw antigens are polymorphic cell surface glycoproteins, which are involved in cytotoxic T-cell recognition during the immune response. HLA matching is essential for kidney and bone marrow transplantation (1) (2) (3) (4) and new molecular biological methods (5) for detection of HLA polymorphism currently provide an opportunity to improve matching of the patients and donors, as well as a research tool to investigate the relationship between HLA disparity and transplant complications. These molecular typing methods include sequence-specific primer (SSP) amplification (6, 7) , hybridization with sequence-specific oligonucleotide (SSO) probes (8, 9) , heteroduplex analysis (10) (11) (12) , single-strand conformation polymorphism (13, 14) , and direct nucleotide sequencing (14, 15) . SSP uses group and/or allele specific sequences for primer design (7) and has been proposed as a single technique for HLA class I and II typing (16) ; SSO is based on the identification of allele-specific sequences, which are either unique or in certain combinations will allow the identification of the allele (9) . The resolution of each method could be increased by using a larger number of primer mixes for SSP and more probes in the case of SSO. These two methods have also been used for class I typing, but their application to high-resolution class I allele analysis has been hindered due to the extensive sequence homology between the HLA-A, -B and -Cw loci (17) , between class I classical and nonclassical genes and the reported pseudogenes (18) . Direct sequencing is at present used for high-resolution analysis of the class I alleles (14, 15) and, to avoid ambiguous combinations, prior typing is required, which is then followed by allelespecific PCR amplification to generate single allelic fragments. Although this approach achieves the highest resolution, it is expensive and difficult to perform routinely. Heterozygous combinations of certain alleles frequently produce ambiguous 12  13  14  15  16  17  18  19  20  22  23  24  25  26  28  29  30  31  32  33  34  35  36  37  40  41  42  43  44  45   Sequence   GGG   CTC  CGG  TAC  CAG  ACA  CAG  CGA  CTC  TGT  CCA  GTG  GCG  GGA  GGA  GTG  GGA   AGG  GGC  TCC  ACC  ATT  TAC  TGT  GCC  ACC  CGG  ATT  GCC  GAT  TGA  AAC  CGC  AGA  TCT  ACC  GGC  CAG  GAG  GAA   CCG GCC  ACA GAT  ATC GCG  CTG GAG  AGG ATG  CCC TCC   AGG ATG  CGT GGG  ACA TCA  ATG GCT  GCA GGA  CGT GGA  GAC ACG  GCA GTG  GCA GTT  CGT GGA  GCA GCT  GGC CGG  CCG ACG  GCG GGC  AGT TCG  GGG ACC  CTG GAG  ATG GCT  CAG TCA  GAG TGG  AAC CTG  TCT ACA  CGT GTG  CTC CAA  CCA GTC  ACA CAG  GGG CGC  TAC CTG  CAC ACC  AAC ACA  GGA GCA  GAC GCC  GAC CTG  GGA GAC   GCG GGG  TGA CCG  CTC CGC  GGC CTG  TAT GGC  AGA GGA  TTT GGC  GCC GGA  TCC AGA  GCG ACC  CGC TTA  CGG GCT  GCG GCT  GAG AGC  GAG AGC  GTG GCT  GAG AGC  AGT ATT  GGC GCC  ATA ACC  CCT ACG  GGA ACA  GGC ACG  GCG ACG  CAG ACT  ACC TGG  CGC GGC  CCT CCG  GCG GAG  GAC CAA  CGC CTA  ATC TAC  CGT GGG  GAG AAC  CTC CAG  CAG ACT  GCG GAG  TAC GAC  CGC TCC  GCT GCA   AGC  AGT  TAC  TGC  TGC  TGT  TGC  CGG  GGA  TGG  CGA  CCG  CAG  CTA  CTA  CCG  CTA  GGG  TCC  AGT  ACG  CAC  TGC  TGG  GAC  GGA  TAC  TGT  CAG  CAC  CGA  AAG  TGG   GGG   GAC C  A  GGC  TGG  GCG   Location  113-130  282-299  307-324  547-564  358-375  350-367  358-375  375-392  347-364  365-382  411-428  561-578  478-495  531-548  531-548  561-578  531-548  236-253  382-400  401-418  413-430  248-265  557-574  365-382  277-292  293-310  307-324  92-109  520-537  267-284  411-428  259-276  212-229  580-597  346-360  277-295  528-543  415-432  454-471  597-614  ID, identification number. results by current SSO and a large number of nested SSP reactions would be needed to resolve these combinations.
Many class I alleles lack specific base substitutions for identification purposes; instead in the nucleotide sequence of each allele there is a unique combination of a set of common designated the universal recombinant site targeting oligosequence motifs that are shared by all class I loci (19 B'3 506 Isolation of Anti-Sense DNA Strands. Streptavidin-coated magnetic beads (160 ,ul) (Dynal, Oslo) were added to each PCR tube and incubated at 43°C for 30 min, after which the beads were washed with buffer (0.01 M Tris/0.001 M EDTA/1 M LiCl) using manufacturer's instructions. Dissociation of nonbiotinylated DNA sense strand was carried out by the addition of freshly made 0.15 M NaOH at room temperature for 5 min and aspiration of the wash. The anti-sense biotinylated strand was dissociated from the beads in 50 ,ul of PCR buffer by heating at 95°C for 5 min and removed in the supernatant.
Allelic Fragment Separation. Complementary locus-specific reference strands were prepared using DNA from the following cell lines: STEINLIN (A*0101, Cw*0701) for A and Cw loci, respectively, and SPOO10 (B*4402) for locus B. The primers were biotinylated at the 5' end of the 5' primer and the PCR conditions were as above. Allelic fragment separation was performed by hybridization of the locus A, B, or C reference single strand with the relevant anti-sense fragment (from above) and heating to 95°C for 5 min, 70°C for 5 min, and 65°C for 40 min in a thermocycler. The resulting duplexes were separated using a modified gel cassette. The gel was prepared by pouring 1.5% low melting point agarose (Sea Plaque, FMC) into the cassette (one-half vol of cassette) and, after setting, 8% polyacrylamide (Protogel, National Diagnostics) was poured on top and allowed to set. The DNA bands were visualized with SYBR Green I (FMC) and the allelic bands were cut out from the agarose gel and melted with TE buffer in tubes for spotting.
Identification of the Alleles. Sense sequence probes (Table  1) were synthesized to cover all base substitutions for the 40 selected motifs; the probes were labeled with digoxigenin (Boehringer Mannheim) according to the manufacturer's in- Table 3 . HLA structions. Aliquots of allelic DNA samples were blotted on to positively charged nylon membranes (40 membranes; 7 x 11 cm; Boehringer Mannheim) using a Biomek 1000 workstation (Beckman); each membrane carried HLA-A, -B, and -Cw locus preparations from the same cell line. Hybridization with the probes were performed in 5 ml of buffer (3 M tetramethylammonium chloride/50 mM Tris/0.1% SDS/2 mM EDTA) containing 2 pmol/ml of probe. After 1.5 hr at 54°C the membranes were washed in SSPE/SDS buffer (x2) and in the hybridization buffer at 58°C for 10 min (x2). Dots were developed with anti-DIG (Fab) and CSPD solution according to the manufacturer's directions (Boehringer Mannheim) and visualized by autoradiography on Hyperfilm (Amersham). The results were analyzed manually with reference to the predicted allelic motif patterns (Table 2) .
RESULTS
The 63 cell lines used in the present study expressed 81 different class I alleles. These were selected to include allele Table 2 .
Immunology: Arguello et al. (Table 3 ). In this way it was possible to test the probes that were targeted at different substitutions at a given location, which could possibly have cross hybridized and produced false signals. The fidelity of the locus-specific amplification reactions were tested with samples from homozygous cell lines for the three loci. There were no co-amplified products from other loci in any of the samples tested.
The separation of the allelic fragments, which have the same base number but different base sequences, was achieved by a two-stage technique. The first stage involved the isolation of the anti-sense single strands of the locus-specific products, which had incorporated the biotinylated primer. This was attained using magnetic beads coated with streptavidin. The second stage, the physical separation of the allelic strands, was achieved by hybridization of the isolated single strands with a complementary locus-specific reference sense strand followed by the resolution of the duplexes. We have designated this technique complementary strand analysis (CSA). The complementary locus-specific reference strands were prepared in bulk and stored; these performed consistently in 165 tests. The heterozygote samples produced the expected double bands and homozygous samples only a single band (Fig. 1) . It was possible to separate the allelic strands from the locus-amplified fragments in all allelic combinations that were tested .
The HLA typing results with 40 URSTO probes indicated that in all cases the alleles could be identified by their unique hybridization patterns, which were reproducible in repeated tests (Fig. 2) . In our analysis of the recurring motifs we focused on three hypervariable locations in exons 2 and 3 of HLA-A, -B, and -Cw loci and 30 probes were targeted at motifs at these locations. In addition, 10 probes were designed for other sequence motifs in exons 2 and 3. Eighty-one class I alleles were tested, and these included 33 A locus, 30 B locus, and 18 Cw alleles in different combinations. The motif-specific probes were targeted at sequences that are common in HLA-A, -B, and -Cw alleles with often only a single base difference between the probes. These differences were found to be sufficient to prevent cross hybridization and all the alleles tested in this study were identified unambiguously by these probes.
DISCUSSION
Locus-specific amplification generates two double-stranded allelic products and there are a number of approaches that can be used to separate the alleles, including cloning with M13 and denaturing gradient PAGE. Although heteroduplex analysis has been used extensively for HLA class II typing, it cannot achieve the separation of single alleles (22 Table 2 Unresolved allele pairs, 6 the target motifs for these probes ensures that for a coherent pattern no two probes for the same sequence location can hybridize with the product from a single allele. Incoherent patterns indicate error in the amplification or separation stages. There are 221 class I alleles with known DNA sequences, 6 alleles have substitutions outside exons 2 and 3 and could thus not be identified by the URSTO. There are also 14 allele-pairs, 2 with silent substitutions, that would need additional individual single probes for identification (Table 4 ). The combination of the two techniques described here enabled the unambiguous and high-resolution typing of HLA class I alleles in 63 cell lines. The resolution obtained was at the allelic level and comparable to DNA sequencing techniques. In addition, because the probes are based on common inter-locus sequences, the same set can be used to type HLA-A, -B, and -Cw loci simultaneously on the same membrane. This approach offers a unique high-resolution typing method for most routine and research applications.
